Comparative study of the influence of friction forces on cold forming processes in conventional ECAP die and ECAP die with low friction, by numerical simulation methods D Dragnea, P Lixandru, T Chereches et al. Abstract. A finite element method was applied to study the various severe plastic deformation processes like, Equal Channel Angular Pressing (ECAP), Tubular Channel Angular Pressing (TCAP), Repetitive Upsetting and Extrusion (RUE) and Constrained Groove Pressing (CGP), considering aluminum AA-390 alloy as specimen material for all these processes. FEA simulation was carried out using AFDEX simulation tool. Effect of the various ECAP process parameters like, die corner angle, channel angle, and the coefficient of friction were analyzed. The die corner angles were divided into 2 equal parts for increasing the effectiveness of ECAP process, thereby increasing the channel number from 2 to 3 and further, their influence on ECAP process was investigated. A 3D simulation of TCAP was carried out for die shapes like triangular and trapezoidal, and variation of the generated stress and strain was plotted. In CGP, four cycle operation was carried out; wherein each cycle is composed of corrugating the specimen and subsequent straightening to original dimension. During RUE process, a maximum effective stress of 683.1 MPa was induced in the specimen after processing it for four complete cycles of RUE process; whereas the maximum strain induced during the same condition was 3.715.
Introduction
There has been considerable interest in recent years in enhancing material properties, through procedures involving the imposition of Severe Plastic Deformation (SPD). SPD processes impart large amount of strain in material without altering its cross section, and they permit variable strain paths which give rise to refined grain size. According to HallPetch relation, strength of materials increase with reduction in grain size. Usually the ultrafine grained materials are produced by top-down approach, as the materials produced by bottom-up approach will have porous structures. The grain refined material exhibit superior strength, ductility, high wear resistance, enhanced fatigue life, high corrosion resistance and high hardness. The commonly used SPD techniques suitable for bulk materials are High Pressure Torsion (HPT), Equal Channel Angular Pressing (ECAP), Cyclic Extrusion and Compression (CEC), Simple Shear Extrusion (SSE), and Torsional Extrusion (TE) etc. and Accumulative Roll Bonding (ARB), Repetitive Corrugation and Straightening (RCS), Constrained Groove Pressing (CGP) etc. for sheet materials. Segal et al. [1] developed ECAP process as an effective tool to impose large plastic strains. Here the material with circular or square cross section is pressed through a die containing two channels of equal cross section as shown in 
Fig. 1 Two dimensional schematic view of ECAP process
The important factors which influence ECAP process such as, die corner angle (Ψ), channel angle (Φ), processing routes (A, BA, BC, and C), pressing speed, working temperature, friction, number of passes etc. have been analyzed by many researchers, using both experimental and FEM methods for different metals and alloys [2] [3] [4] [5] [6] [7] [8] [9] [10] . Faraji et al. developed a high strain processing technique called TCAP process for tubes [11] [12] [13] . The tube constrained between inner and outer dies is pressed in to tubular angular channel by a hollow cylindrical punch as shown in Fig. 2 . Two and three forming zones are observed in one cycle for triangular and trapezoidal shaped TCAP dies, which include channel angles (Φi) and corner angles (Ψi). The strain values for different geometry considering curvature angles as zero (Ψi=0) are given by [13] , Trapezoidal channel
Triangular channel
A typical RUE process consists of 2 basic steps (i) upsetting and (ii) extrusion as shown in Fig. 3 . RUE process was developed by Aizawa et al. to process powder materials, in recent years extensive work has been done to extend the RUE process even to the bulk materials [14] [15] [16] . Work piece of cylindrical shape of known dimension is first subjected to upsetting then the upset work piece is subsequently subjected to extrusion, and the cycle continuous. During this, there will be variation in length and cross sectional area of specimen, depending on the process being carried out.
Fig. 3 Schematic view of RUE process showing load steps
The die is divided in to 3 regions with volumes V1, V2 and V3, and the die is designed without violating the following constraints Where, Vu is Volume filled during upsetting stage, Ve is Volume filled during extrusion stage, and Vw is Volume of work piece. For the first time Shin DH et al. [16] successfully presented the CGP process for sheet metals. Here the material is subjected to large amount of shear deformation with grooving and flattening dies respectively, as shown in Fig. 4 . In the first stage the material is pressed between two grooved dies, in the second stage the deformed material is flattened by the flat dies. At the third stage the material is shifted to left or right by one groove length (t), and then the material is processed in stage 1 and then in stage 2. Effective strain induced in CGP process is given by [17] , 
Finite Element Analysis
Finite element analysis is carried out using AFDEX simulation tool. For ECAP process, specimen with dimensions of 50 mm × 20 mm is used for processing. The ECAP die consists of 2 equal channels through which the material will be processed, where the channels are having same cross sectional dimensions as that of the specimen (diameter or width). The value of coefficient of friction at the die-specimen interface is considered as 0.20, and the punch moves with the velocity of 1 mm/second during the process. The specimen is divided to get ~4000 elements during the simulation. Cylindrical tube with internal diameter of 7.5 mm, thickness of 2.5 mm and 45 mm long is considered for the analysis of the TCAP process. The value of R/R0 is fixed to 1.4, in both shapes of the dies i.e. triangular, and trapezoidal. The other dimensional parameters of TCAP dies are listed in Table 1 . The tubes are processed at the velocity of 5 mm/minute and the coefficient of friction of 0.05 is considered for the contacts between die and specimen material. The material is segmented into ~40000 numbers of elements. For RUE process, specimen with dimension 32 mm × 10 mm is used for simulation. The die dimensions H1, H2 and H3 are considered as 7 mm, 11 mm and 14.5 mm respectively, and d1, d2 value are fixed to 28.3 mm and 20 mm. Radius of curvature of 10 mm is provided at the sharp corners to avoid folding defects. Both upsetting and extrusion processes are carried out at constant die speed of 1 mm/second and friction coefficient of 0.05 is provided at diespecimen interaction zones. Material is meshed to get ~4000 numbers of elements. In CGP process, material of 65 mm long and 5 mm thick is analyzed. For grooved die the values of 't' and 'θ' are considered as 5 mm and 45°. The metal strip is segmented in to ~4000 number of elements for simulation. Process is carried out with die speed of 1 mm/second in all stages of process and friction coefficient of 0.1 is considered. Aluminum AA-390 alloy is used as the specimen material for all the processes. The flow curve for Aluminum AA-390 is plotted in Fig. 5 and its material properties are listed in Table  2 . Room temperature and the initial strain rate are considered as 25°C and 0.0001 per second. 
Results and discussion
Effect of friction on ECAP process is analyzed for, die corner angle (Ψ) and channel angle (Φ) of 90° each. Fig. 6 shows effective strain distribution of sample material processed by ECAP process, for different values of coefficient of friction viz. 0, 0.1, 0.2, 0.25, and 0.3. It can be seen that effective strain increases with increase in friction values, strain value reaches up to 1.603 when the value of coefficient of friction is increased to 0.3. Three different regions can be observed from ECAPed materials plotted in Fig. 6 ; (i) the front portion, where the magnitude of stains are nearly zero (ii) uniform strain distribution exist in the middle region, and (iii) at the junction of two channels, where the stain rate is maximum. It is also observed that the load requirement for the process increases with increasing magnitude of friction. Detailed results for ECAP process for different values of coefficient of friction are listed in Table 3 . ECAP process is also analyzed for die channel angle of 120°, for friction coefficient values of 0, 0.02, 0.06 and 0.1. Fig. 7 shows the effective strain distribution for ECAP process with die channel angle of 120° for varying coefficient friction values, and it is evident that effective strain increases with increase in coefficient of friction values. Strain value of 1.026 is achieved for friction value of 0.1. Fig. 8 gives the clear picture of variation of strain values with respect to varying friction values processed for die corner angle of 120° by ECAP process.
The ECAP process is also simulated for different die corner angles (Ψ), varying from 0° to 90° in the steps of 30°, Fig. 9 shows the effective strain distribution for different die corner angles (Ψ) of ECAP process. It is evident from the results that effective strain value is less for higher corner angles of ECAP process. This is because, at higher value of corner angle allows the material to flow easily without showing much resistance. The highest effective strain recorded is 2.948 for 0° channel angle, while the minimum strain value of 1.531 is achieved with 90° corner angle. Fig. 10 shows the distribution of effective strain values for two stage ECAP process. Here the comparison between one stage and two stage processing of ECAP is carried out, for die corner angle of 60, 75 and 90 degrees. First the simulation is done for single stage processing for a particular die corner angle, and then the second iteration is carried out by dividing the die corner angle in to two equal halves. It is observed that 2 stage processing of ECAP requires lesser force, compared to single stage processing. But there will be small amount of reduction in effective stain induction in 2 stage ECAP process compare to conventional ECAP process. The effect of stages in ECAP is more, for the acute die corner angle, which is evident in both effective strain distribution and load requirement values. Fig. 11 shows the load requirement data for different die corner angles, and it can be observed that the gap between both curves decreases as the die corner angle increases. So the selection of feasible die corner angle set will be 60°, 75°, and 90°, considering load requirement data as an important aspect. Fig. 12 shows the effective strain distribution of the cylindrical tubes, processed by tubular channel angular pressing process, through different die shapes. It can be seen that triangular shaped TCAP imposes more strain compared to trapezoidal shaped TCAP process. But more homogeneous strain distribution is observed in trapezoidal shaped TCAP process compared to triangular shaped TCAP process, i.e. more strain inhomogeneity index (SII) exist in case of to triangular shaped TCAP process. Effective strain of about 1.08 times more is induced in triangular shaped TCAP process in comparison with the trapezoidal shaped TCAP process. The effective stress distribution of the cylindrical tubes, processed by TCAP process through triangular and trapezoidal shaped dies are plotted in Fig. 13 . More homogeneity in stress distribution can be observed in case of trapezoidal shaped TCAP process in comparison with the triangular shaped TCAP process. The Effective stress of about 1.09 times more is induced in triangular shaped TCAP process in comparison with the trapezoidal shaped TCAP process. Maximum effective strain rate of 2.06 is observed in case of triangular shaped TCAP process, while trapezoidal shaped TCAP process induces maximum strain rate of 1.269. TCAP process with trapezoidal shaped die requires only 0.923 times the load and 0.914 times the energy, than the triangular shaped die TCAP process. Detailed results obtained from the analysis are listed in Table 4 . The results obtained from FE analysis are compared with the theoretically calculated results for both triangular and trapezoidal shapes TCAP process, and are listed in Table 5 . It is evident that FEM results are in good agreement with the theoretical results. Fig. 15 shows the effective strain distribution of RUE process, which is analyzed for four cycles of RUE process i.e. four set of upsetting and extrusion. The continuous increment in the magnitude of effective strain with increase in number of cycles is observed, and is also plotted in graphical form in Fig. 16 . Effective strain distribution is symmetric about the middle plane of the specimen along its vertical axis, and magnitudes of strain are more at the center and lower near the edges. Strain values are minimal at top and bottom of the specimen, this happens because; one side of the material remain undeformed at the end of every stage of the process, depending on the process being carried out. Maximum effective strain of magnitude 3.715 is observed at the end of four cycles of the RUE process. 17 shows the effective stress distribution for RUE process, magnitudes of effective stresses are maximum at the edges, and stress values are minimal at the center of the specimen. Magnitude of effective stress increases continuously with increase in number of cycles, and the variation is also plotted in Fig. 18 . When the upsetting and extrusion processes are carried out on the material, they experience shearing across their orientation planes and tend to slide. In Fig. 18 the values of maximum shear stress are also plotted along with effective stress values, it can be seen that maximum shear stress values increase with increase in number of cycles of RUE process. The effective stress of 683.1 MPa is observed at the end of 4 cycles of RUE process. Variation of hydrostatic pressure with respect to number is cycles, is plotted in Fig. 19 , where in continuous increment in the values of hydrostatic pressure are observed. Detailed results for all stages of RUE process are listed in Table 6 . Fig. 20 shows the effective strain distribution of CGP process, which is processed for eight stages of CGP. It can be observed that magnitude effective strain increases with increase in number of cycles of CGP process. Homogeneous strain distribution is expected at the end of every 4×n steps, and homogeneity increases with increase in value of n, which is evident from the simulation results. As the value of shear strain is unity, effective strain obtained from defining equation leads to 0.58 and 1.16 at the end of first and second stages of CGP process respectively, and they match with the FEA results obtained from simulations. If four stages are considered as one cycle, then strain homogeneity is highest at fourth stage of every cycle and lowest at the end of second stage. Strain homogeneity for first stage is slightly lesser than the second stage, but more than third stage. Maximum effective strain of 4.1 is observed at the end of eighth stage of CGP process. Strain and homogeneity in strain distribution increases with increasing number of stages. 20 Effective strain distribution for Aluminum AA-390 alloy processed by 4 cycles of CGP process
Summary and conclusions
1. The finite element analysis for ECAP, TCAP, RUE and CGP processes was carried out successfully. Effect of friction, die corner angle (Ψ) and the channel angle (Φ) on the ECAP process was analyzed; where it was found that effective strain increases up to 1.603 when the friction coefficient was increased to 0.3 with 90° channel angle. For 120° channel angle effective strain reaches up to 1.026 for friction coefficient value of 0.1 .Effective strain of magnitude 2.948 is induced with die corner angle of 0°, which keeps on decreasing with increase in die corner angle. ECAP process was also analyzed for different stages, where it was evident that load required for two stage processing is lesser than the load required for single stage processing, and the effect was more pronounced if the die channel angle is acute. 2. Trapezoidal shaped die TCAP process requires only 0.923 times the load and 0.914 times the energy, as compared to the triangular shaped die TCAP process. TCAP with trapezoidal shaped die achieved homogeneous distribution of both effective strain and effective stress values throughout the specimen. 3. In case of RUE process, effective strain of magnitude 3.715 was induced after 4 cycles, and effective stress of 683.1 MPa was observed at the same stage. In CGP process, it was observed that effective strain distribution was more homogeneous after every 4×n steps, and lowest strain homogeneity was observed in second stage of every CGP cycle. 
